Abstract: We present a new high-efficiency divided chirp-pulse amplification (DCPA) system based on an actively controlled quasi-all-fiber structure. As a proof-of-principle experiment, a two-channel amplification system composed of single-mode ytterbiumdoped fiber is constructed. The experimental results show that the degree of linear polarization of ∼93% is maintained after recombination and the system efficiency is up to ∼95%. In addition, the beam quality (M 2 factor) is around 1.2. Moreover, the system can operate stably for a long time without performance degradation. Compared with the traditional spatial DCPA, this system exhibits some advantages, such as improved spatial adjustment, high stability, compact size, and low cost. It is demonstrated that this work paves the way to design a quasi-all-fiber high-performance pulsed laser system.
Introduction
Over the past few decades, significant progress has been achieved in chirped fiber pulse amplification systems field [1] - [3] . To weaken the nonlinear effects, novel gain fiber is developed, for example, rod-type fiber, which is widely applied [4] - [6] . Recently, two new methods are proposed for reducing the peak power of the pulse which is the principal element of nonlinear phase accumulating in fiber. One is the divided-pulse amplification (DPA) system, in which a birefringent crystal is employed to provide time delay [7] , [8] . The other one is coherent beam combining (CBC) system, which a polarization beam splitter (PBS) is utilized to divide the pulse into two different fiber amplifiers [9] , [10] . There are varied DPA and CBC structures that have been investigated to obtain high-power ultrashort pulse. In particular, the CBC has realized millijoule pulse energy and femtosecond pulse duration [11] , [12] , which is a significant milestone. Furthermore, in order to incorporate the DPA technique into the chirp-pulse amplification (CPA) system, the birefringent crystal is replaced by the spatial time delay line (TDL) to provide a large optical path difference (OPD) [13] , [14] . Meanwhile, the passive CBC (PCBC) system is also proposed with the superiority of insensitivity to phase noise [15] , [16] . Moreover, DPA and PCBC have been combined and used for femtosecond pulse amplification [17] .
We present a new approach via a quasi-all-fiber structure in our experiment. Firstly, a fiberbased divider is used to provide a continuously variable TDL, replacing the spatial divider, for example, birefringent crystals. Explicitly, the divider consists of a fiber-based PBS, a fiber-based polarization beam combiner (PBC), a length of traditional polarization-maintaining (PM) fiber, and a continuously variable fiber-based TDL. The OPD which is equal to the fiber length difference multiplied by the refractive index is provided by the PM fiber. Thus, the OPD provided by this divider can be easily changed by changing the length of the PM fiber. To provide the same amount of OPD, the PM fiber is also much more inexpensive than crystal. The use of continuously variable TDL ensures that the OPD of the divided pulses can be easily tuned into the range of coherent length during the pulse recombination process. Moreover, the divider could be connected with the gain fiber directly. The careful spatial adjustment, which ensures an efficient coupling between gain fiber and the spatial signal beam, is avoided and the coupling loss can also be reduced to approach zero. In addition, this all-fiber divider is more compact than other spatial unidirectional systems. Second, in this structure, only one-way power amplifier is needed for the amplification of all the divided pulses, which is inexpensive and simplified compared with that in traditional CBC structure. Third, a fixed combiner, working as a MZ interferometer, contains two PBS and two mirrors. The OPD provided by the divider can be compensated by the OPD provided by the combiner and the pulses are recombined at the end of this part. Since the divider-induced OPD is continuously variable in a certain range, the spatial adjustment of the combiner becomes much easier. Finally, in one path of the divider, a piezo-electric ceramic (PZT) is pasted on a length of fiber, which works as a phase modulator and replaces the PZT-controlled mirror in combiner. Therefore, the combiner can be stably fixed when the system is working.
In this experiment, we apply our structure in a CPA system which is designed originally as approximate 1-ps master oscillator pulse amplification (MOPA). As a proof-of-principle experiment, a single-mode (SM) Yb-doped fiber is constructed. At different output power, the degree of linear polarization (DOLP) of the recombined pulse maintains at ∼93%, and the system efficiency keeps at ∼95%, which are calculated by using the formulas given in [9] . Explicitly, the system efficiency is defined as system efficiency ¼ P lin
where the P lin represents the maximum power in a linear polarization state and P 1 and P 2 the output power of the amplifiers before combination.
The repetition frequency of the MOPA is variable from 200 kHz to 4 MHz. In our experiment, the repetition rate of 300 kHz is selected and the output power of the recombined pulse is 2.24 mW. Finally, the chirped pulse is compressed by a pair of diffraction grating to 1.1 ps duration with an output power of 1.27 mW. The spectral profile of the recombined pulse is consistent with that of the two path beams. The recombined beam quality (M 2 factor) is 1.23 Â 1.27. When the system is unlocked, the maximum variation range of the error-monitor signal is in a range of ∼320 mV (−202.18 mV∼117.27 mV) which amounts to one of the OPD. When the system is locked, the variation range of the error-monitor signal is smaller than 15 mV (44.12 mV∼29.74 mV). The average voltage of the locked error-monitor signal is 36.6 mV, and the root mean error is 1.34 mV. It means that the variation of the OPD is smaller than 5 nm in most of the time when the system is locked. In addition, this system can operate stably for a long time.
2. Principle and Design of the Quasi-All-Fiber Divided Chirp-Pulse Amplification System
As shown in Fig. 1 , the DPA system consists of a MOPA, a polarizer, a fiber-based divider, an amplifier, a fixed combiner, a feedback structure, and a compressor. The MOPA, including an acoustic optical modulator (AOM), offers a chirped pulse (which is stretched to 700 ps by a chirped fiber Bragg grating) with a random polarization. The polarizer includes a polarization controller (PC) and a fiber-based in-line polarizer (ILP, the input port is SM fiber, while the output port is PM fiber). The orientation of the PC is adjusted to maximize the output power of the polarizer (1.2 mW at the 300 kHz repetition frequency). The ILP is adopted to realize a linear polarization with the direction parallel to the slow axis of fiber at the ILP output.
The divider is composed of a fiber-based PBS, a fiber-based PBC, a length of traditional PM fiber, and a fiber-based continuously variable TDL. The schematic diagram of PBS is shown in Fig. 2(a) . The slow axis of the input port is aligned 45°to the slow axis of one of the output port so that the input pulse is split into two output ports with equal amplitude and perpendicular polarization. Then, the two split pulses are coupled into each output port, respectively. The slow axis of two output ports is also perpendicular. Therefore, the light in each output port both propagate along the slow axis of the fiber.
One of the divided paths consists of a certain length of PM fiber and a fiber-based TDL. The PM fiber is used to provide a proper TDL and the required length can be calculated from the formula ÁL ¼ cÁt =n, where parameters ÁL, c, Át , and n stand for fiber length, speed of light in vacuum, TDL, and core refractive index of fiber, respectively. More than 1.4-ns TDL is needed in order to separate the two pulses with 700 ps full width at half maximum (FWHM). It corresponds to more than 0.28 m fiber length when n % 1:5. The time delay of the fiber-based TDL is continuously variable in a range of 0∼500 ps, which makes the divider variable. This fiber-based TDL consists of two segments of PM-pigtail fibers which are used as input port and output port respectively. Its optical-delay accuracy is 3-m, which is three times of the wavelength. Even so, this accuracy is small enough compared with the coherent length of the ultrashort chirped pulse (100 m). The output of the fiber-based TDL is connected with one input port of the fiber-based PBC. The other one of the divided paths is connected directly with the other input port of the fiber-based PBC.
The structure of the fiber-based PBC is different from that of the fiber-based PBS, as shown in Fig. 2(b) . At one input port, the slow axis of PM fiber is aligned to be parallel to that of PBS output port. At the other input port, the fast axis is parallel to the slow axis of PBS at the output port. The two divided pulses with a certain time delay are then coupled into slow axis and fast axis of the PM fiber at the PBC output port, respectively.
The following amplifier is composed of a 1-m long SM PM Yb-doped fiber (Nufern PM-YSF-HI) pumped by a 976 nm laser diode (LD). As the emphasis of this work is to verify the validity of the proposed novel DPA structure, the SM PM gain fiber, which can be spliced directly with the SM PM fibers at the output port of the PBC, is chosen to fulfill a quasi-all-fiber structure.
After the amplifier, a polarization-independent optical isolator is used to protect the MOPA seed. The output light then propagates in space and is collimated by using a PM collimator with a working distance of 2 m. The emission includes two vertical polarized pulses in each period. A =2 waveplate (HWP) is further used to turn the polarization of the front pulse in the vertical direction.
The combiner includes two PBSs and two mirrors which are placed to form a MZ interferometer, as shown in Fig. 3 . The spatial OPD, which is used to compensate the divider-induced OPD, is calculated as ∼0.42 m by the formula ÁL ¼ cÁt . Different from the traditional case, this combiner can be placed simply. Benefitting from the application of the fiber-based continuously variable TDL, the spatial delay line can tolerate a 0.15 m error, which equals a 500 ps TDL. Therefore, the two mirrors in Fig. 3 can be placed optionally as long as the spatial OPD is in the range of 0.345-0.495 m. Then, the time delay provided by the fiber-based TDL is adjusted from 0 ps to 500 ps gradually with the smallest available step until the OPD of the two divided pulses is smaller than the coherent length. In this way, OPD can be adjusted to lie in the range of coherent length easily without moving any element (PBS and mirror) of the combiner.
The feedback structure includes a Hänsch-Couillaud (HC) detector [18] , a piezo controller, and a PZT. In our experiment, HC detector is chosen in order to detect polarization of output pulse. The output signal of the differential amplifier in HC detector can be used as error signal. A length of the fiber is pasted on the PZT which is controlled by the error signal. The aim is to make sure that length can be adjusted continuously on a small scale (approximately several times the wavelength). As a result, all spatial elements (such as mirrors, PBS, and collimator) can be stably fixed. Evidently, this is different from the traditional spatial structure situation in which a mirror is fixed on a piezo-stage [9] - [11] . The spatial adjustment for the purpose of forcing the path difference between the divided pulses in the range of coherent length can be avoided. In addition, the effects of spatial light path deflection caused by the vibration of the mirror and PZT are also avoided.
Then, the output of the recombined pulse is finished by a laser window. Because the angle of the polarized direction is approximately 45°so that a HWP is needed to adjust the angle to 0°and a PBS is utilized to separate the linearly polarized part from the naturally polarized part. The linearly polarized part is pass through the PBS and the naturally polarized is reflect by the PBS. After that, the linearly polarized part is compressed by a pair of gratings.
Ultimately, the beams are overlapped in the near-and far-field to create a SM output beam and then compressed by a pair of diffraction gratings. In addition, the parameters of elements which are irrelevant to the DOLP and system efficiency are not optimized.
Result and Discussions
The high DOLP could be obtained only if they have the approximately same spectral characteristics both of the profile and phase as that of the individual path when the pulses are recombined. The divided pulses will exhibit the same phase profile because they are originated from the same seed pulse. In addition, they also will show very little nonlinear phase difference even they experience different optical paths. Meanwhile, if spectra of two amplified pulses are different from each other, such as one spectrum is broader than the other, one spectral profile is different from the other, and the center wavelength shift, all the situations mentioned above will reduce the time-domain coherence of two pulses. The DOLP will be zero if the two combined pulses have no coherence. The spectra of each paths and the combined pulse at the maximum output power (2.24 mW) are presented in Fig. 4(a) . As shown in the figure, the spectral profiles of the two paths are almost no difference between each other. Meanwhile, the recombined spectrum is generally consistent with the two divided pulses. Therefore, a high DOLP, as well as system efficiency, are expected.
Furthermore, the recombined pulse should present the same chirp feature as the input pulse and is compressible after recombining. Then, the recombined pulse is compressed by a pair of diffraction grating with 1750 lines/mm and autocorrelation trace is shown in Fig. 4(b) . The pulse duration is estimated as 1.1 ps under a Lorentz fitting. It means that, though the pulses have propagated in fibers with different lengths, the chirp feature of each pulse does not change significantly.
Additionally, an efficient combination of the divided pulses is dependent on the overlap ratio. A collimator which is composed with a PM pigtail and a battery of G-lenses can ensure a long work distance (2 m) with a small and equal beam spot size (3 mm) in each path. Therefore, the beam spot size in each path will keep accordance with each other while they are recombined at the end of combiner. However, the output-beam quality of collimator is deteriorated by these G-lenses and the measured beam quality factor of M2 before the combiner is around 1.2. The M2 of the recombined pulses is measured as 1.23 Â 1.27, as shown in Fig. 5(a) . Evidently, in the process of pulse recombination, no more obvious deterioration of the beam quality is observed. The beam divergences in the vertical and horizontal directions are almost equal. The beam profiles corresponding to the well recombined and uncombined parts are presented separately. This acceptable result is ensured by a quasi-all-fiber structure and a fixed spatial combiner.
The working processes and principles of the feedback system are explained as follows: firstly, the mirrors can be placed optionally to offer 0.495 m-0.345 m OPD, as discussed above. Then, adjust the 500-ps fiber TDL until the OPD between two divided pulses is smaller than time coherent length. At this time, HC detector begins to provide the error signal. In order to verify if the length of fiber pasted on the PZT could be controlled by the error signal, the error-monitor signals corresponding to both of locked and unlocked situations are analyzed. Fig. 6(a) shows the measured error-monitor signal in time duration of 500 s by a high-speed oscilloscope. As shown in the figure, in the beginning (0∼40 s), the system is unlocked and the voltage of the errormonitor signal varies randomly in the range of −202.18 mV∼117.27 mV which corresponds to one . Fig. 6(b) shows the details of the unlocked error-monitor signal in the time duration of 10 s. Then, the error signal is sent to the piezo controller and the system is locked immediately. As a result, the voltage of the error-monitor signal exhibits as an approximate stable direct current signal and varies in a very small range (29.74 mV∼44.12 mV). Fig. 6(c) shows the details of the locked error signal in the time duration of 10 s. The locked signal also illustrates that this DPA system is stable in a range of ∼5 nm ð$=200Þ. Limited by the measuring range of the oscilloscope, we could only present the error-monitor signal corresponding to a temporal duration of 500 s. In reality, our system can operate stably for a long time.
The locked and the unlocked error signal are utilized for further Fourier analysis. The spectra are shown in Fig. 7 . The result is computed directly by the voltage measurement of error signal. The black line corresponding to the unlocked state shows that most vibration contents are below 1 kHz. However, there is a peak at 200 Hz, which may be caused by the cooling fan of the amplifier. The red line relating the locked situation illustrates that most vibration contents are restrained. Although the peak at 200 Hz still exists, it is also weaken. This result demonstrates that the feedback system is efficient in vibratory compensation. In particular, the acoustic fluctuations (100 Hz∼1 kHz) are compensated. Based on the above work, the recombined pulse presents a good DOLP and system efficiency. The DOLP maintains at ∼93%, and the system efficiency is up to ∼95%. Fig. 8(a) shows the variation of the output power at each path with the pump power. It is obvious that the output power of Path 1 is slightly higher than that of Path 2. The main reason is that in the amplifying process, as the two pulses are very close to each other (∼2 ns) in the temporal domain, the front one (in Path 1) absorbs more pump power and gets more amplification than the other one (in Path 2). The maximum output powers of the two paths are 1.37 mW and 1.07 mW, respectively. Fig. 8(b) shows the measured output powers as well as the calculated DOLP and system efficiency. The maximum output power after recombination and compression are 2.24 mW and 1.27 mW, respectively.
In this system, the divided pulses are amplified by the same amplified path (not independent ones) and the non-linear-effect (NLE) accumulation of each pulse will have little difference. Meanwhile, though the divider of our system has different path length, the accumulated nonlinear phase difference of the divided pulses is very small because of the low peak power. Therefore, the difference of accumulated nonlinear phase resulted from the pulse divider can also be neglected. Moreover, for the proposed amplification system, even if the sub-pulses are amplified in different kinds of gain fiber such as SM gain fiber, doubly clad (DC) gain fiber, and even large-mode-area (LMA) gain fiber in sequence, the amplification of all the sub-pulses are still completed in only one path (different from CBC). Actually, according to the research in [19] , it is mainly the difference, not the absolute value, of the accumulated nonlinear phase that determines the DOLP and system efficiency after recombination.
Summary and Application Prospects
In conclusion, we demonstrate that the DPA scheme can be realized based on a quasi-all-fiber structure together with a fixed spatial coherent beam combiner in CPA system. The high system efficiency (∼95%) and DOLP (∼93%) prove the validity of the pulse combination. A good beam quality is verified by the M2 measurement results. The variation range of the error signal amplitude at locked state indicates that the vibration noise can be stabilized for sub-10 nm OPD. As a proof-of-principle experiment, the recombined pulses with an output power of 2.24 mW at 300 kHz repetition rate are obtained and the compressed pulse duration is 1.1 ps. In addition, some potential applications will be discussed below. First, the main purpose of this approach is still realizing the high-power all-fiber pulsed laser. It is worth noting that this proposed quasi-all-fiber structure can be applied in many various CAP systems. The fiber TDL could provide different OPD by using different fiber length in order to divide chirped pulse with different duration. What is more, the amplifier could consist of different type of PM gain fiber, such as SM fiber, DC fiber, and LMA fiber in sequence. If the number of the divided sub-pulses is increased, for an expected system efficiency of about 75%, the amplified and recombined pulse energy can achieve more than 100 J with a compressed duration shorter than 1 ps in a quasi-all-fiber pulse-amplification system without using rod-type fiber. Second, in the cases where the pulse peak power after amplification is still relative low, the spatial combiner can be replaced by an all fiber-based structure. Then, a real all fiber-based amplification system can be realized and the stability can thus be improved. Third, in some situations of combining the coherent lasers, such as f-to-2f system in femtosecond optical comb, beating frequency of two lasers with different wavelength by using the method of optical heterodyning in microwave photonics and some coherent optics. As the all fiber-based structure can be fixed very stably by pasting the fiber on a platform in the form of a very small circle, the all fiber-based DPA structure can be utilized without amplifier in these situations. The stability can then be improved distinctly and the system will also become more compact. In conclusion, this system provide some potential advantages in applications where the spatial structures can be replaced by the all fiber-based structure.
